As the concern over the greenhouse gas effects of carbon dioxide (CO 2 ) increases, its injection into oil and gas reservoirs for enhancing hydrocarbon recovery and in saline aquifers for storage is on the rise. Variation of reservoir pressure and temperature affects the properties of CO2 and its interaction with reservoirs resident phases. Although in most cases CO2 would be in supercritical state at reservoir conditions, however, it is necessary to understand the flow and displacement mechanisms of CO2/water/oil systems in porous media under various reservoir conditions.
In this paper we present the results of a series of direct flow visualisation experiments using CO 2 /water/oil systems in high-pressure transparent porous media. We demonstrate mechanisms of CO2 transport and oil displacement and recovery at both sub-critical and supercritical conditions and the implications of these conditions on oil recovery. We have also investigated the effect of CO2-enriched water on the flow of CO2 and oil recovery. The results show that both swelling and evaporation of oil as a result of contact with CO 2 play an important role in mechanisms and quantity of oil recovery by CO2 injection but the extent of the impact of each mechanism is highly dependent on the state of CO2 at reservoir conditions. High water saturation was found to be detrimental to the performance of CO2 injection however, oil swelling and subsequent elimination of water separating CO2 and oil could to some extent alleviate this problem.
INTRODUCTION
Gas injection as an EOR (Enhance Oil Recovery) method is widely considered as an effective and efficient way to increase oil recovery from reservoirs. Generally in this method, there are two mechanisms of oil production namely, condensing and vaporisation. In the condensing process, the oil gradually becomes enriched by the intermediate components that condense out of the injected gas. Inversely, in vaporisation mechanism the oil components evaporate into the gas and the oil volume shrinks. Some gas/oil systems could develop dynamic miscibility by both the condensing and vaporising mechanisms (Zick, 1986) , which would improve oil recovery considerably. In this process, intermediate components condense from the injected gas into the oil phase. Vaporisation of heavier intermediates from the enriched oil to the injected gas also occurs. The injected gas enriched with heavier intermediates from the oil moves forward to contact fresh oil and undergoes the condensing/vaporisation process again. At some stage in this process the compositions of the gas and oil become so similar that miscibility develops. It is well known that extraction, which induces vaporisation mechanism, is highly dependent on the gas density. Grigg et al. (1997) reported that density of CO2 can vary by a factor of three (0.2 to 0.6 g/cc) at 100 °F over a relatively small pressure range (1005 to 1345 psi) near the critical temperature. However, the lean-gas density varies just by a factor of two (0.162 to 0.252 g/cc at 230 °F) over a much wider pressure range (2000 to 4430 psi). In addition to this vital advantage of CO2 over the other gases higher solubility of CO2 in water compared to the other hydrocarbon components causes more oil swelling in water shielded oil ganglions, (Bijeljic et al. 2002 and MacGuire and Stalkup, 1992) . These properties of CO2 as well as the environmental advantages of CO2 storage as part of a CCS (carbon capture and storage) programme make CO2 a very suitable medium for injection into the oil reservoirs. CO2 injection for EOR is a well-established technology. CO2 increases oil recovery by primarily altering the physical properties of the oil phase i.e. swelling of the oil, reduction of the oil viscosity and possible vaporisation and extraction of intermediate components.
However, low sweep efficiency due to its high mobility and gravity segregation in the reservoir has been a problem for many CO2 injection projects (Patel et al. 1987) . Injection strategies like water alternating gas (WAG) injection have been used to ease this problem. Although WAG injection can improve sweep efficiency to some extent, however, it can result in significant oil trapping, which adversely affects oil recovery, (Tiffin et al. 1991 and Eugene and Edward, 1990) . Presence of water reduces the gas/oil interfacial area hence reducing mass transfer. Philip and Kishore (1997) showed, experimentally, that at high water saturations, islands of oil will be isolated by water and consequently, the mass transfer rate between the CO2 and oil will be reduced. This so-called water shielding or water blocking effect can prevent direct contact of oil and gas (CO2) both in WAG and direct CO2 injection. This effect has also been studied theoretically (Grogan, et al. 1987 , 1988 -Do and Pinczewski, 1993 -Bijeljic, et al. 2002 . Swelling of water shielded oil ganglions during CO2 injection and its subsequent water layer rupturing results in oil recovery (Campbell, et al. 1985) . The rate and the amount of oil swelling, as two key parameters in rupturing the water layer, are highly dependent on the state of CO2. In this study the effect of CO2 state has been investigated by performing CO2 injection experiments at sub-critical (600 psia and 38 °C) and supercritical conditions (2000 psia and 38 °C). Based on the above discussion, injection strategies that can increase the contact between CO2 and oil would improve oil recovery and alleviate the adverse effect of water shielding. For instance, injection of a slug of CO2-enriched (carbonated) water, before CO2 injection can favourably alter the physical properties of the oil leading to an improved CO2 flood performance compared to the injection of CO2 after plain water flooding. (carbonated water injection) prior to CO2 injection on oil displacement mechanisms and recovery is also studied here. Understanding the fluid flow and recovery mechanisms at the pore scale provides vital information needed for interpretation of core and field scales displacements. Visual observation of fluid flow in a micro displacement is also a very important and useful input for modelling of flow mechanisms at the pore scale. Chatenever and Calhoun (1952) employed transparent porous media (micromodel) for the first time to study fluid flow mechanisms in porous media. Through the visualisation experiments conducted using micromodels, it would be possible to directly visualise the interactions of CO2 and or CW (carbonated water) with the resident fluid phases, fluid displacement and redistribution mechanisms, alteration of wettability, oil swelling and CO2 diffusion. In this paper, after introducing the experimental facilities and fluid system used in this work, the results of four micromodel experiments are presented. In the experimental section, first the effect of water shielding and water saturation on the performance of (supercritical) CO2 injection is studied. Then, the effect of CWI prior to CO2 injection is investigated. Based on the results of the visualisation experiments it is shown that CO2 injection after CWI can alleviate the unfavourable effect of water shielding to some extent compared to CO2 injection after WI (water injection). In the last part of the experimental section, the effect of CO2 state i.e., gaseous CO2 or supercritical, on fluid flow and recovery mechanisms is investigated.
EXPERIMENTAL WORK

Experimental Facilities
A high pressure micromodel system capable of working at pressures up to 5000 psia has been designed and used for the flow visualisation tests reported here. A schematic diagram of the experimental facility is shown in Figure 1 . The rig consists of three main parts; micromodel air oven which contains the micromodel and its housing cell, Fluid storage oven, which contains six cells for storing fluids at the test's pressure and temperature and the injection system which consists of three low rate flow meter pumps. Figure 2 shows a schematic picture of two glass plates, which are typically used to make a transparent porous medium (micromodel). A two-dimensional pore structure is etched onto the surface of one of the glass plates which is otherwise completely flat. A second glass plate is then placed over the first, covering the etched pattern and thus creating an enclosed pore space. The covering plate has two holes drilled at either side, allowing fluids to be displaced through the network of pores. Because the pore network is thin, it is possible to observe, through the glass plates, the fluids as they flow along the pore channels. The interaction of fluid/fluid and fluid/solid, wettability, can easily be observed as well as swelling and shrinkage of fluids as a result of diffusion and mass transfer. Some dimensional characteristics of micromodel are shown in Table 1 . Different stages of experiments can be visualised, controlled and recorded by the visual system which is shown schematically in Figure 3 . The magnifying lens of the camera can be placed at any part of the micromodel. The optical system is equipped with a TV monitor and a computer to observe, record and save the scanned still images as well as video clips of the experiments for further studies and analyses afterwards. This high-pressure micromodel rig has been extensively used in our research group and more details of the rig have been reported in our previous publications (Sohrabi et al. 2000 (Sohrabi et al. , 2004 (Sohrabi et al. , 2007 (Sohrabi et al. , 2008a (Sohrabi et al. , 2008b 
Glass Micromodels and Visual System
Test Fluids
The fluid system used in the experiments consisted of distilled water, carbon dioxide and a mineral viscous oil, The viscosity of the oil at the temperature of the experiments and atmospheric pressure is 16.47 mPa.s (cP). The composition of the viscous oil includes C10, C20, C35 and C60 components. Acetone was utilised for cleaning the micromodel after each test and Glycerol for applying overburden pressure. Carbonated water (CW) was prepared by mixing degassed distilled water with CO2 in a rocking cell at 38 °C and 2000 psia. The equilibrium phases were transferred into their storage vessels and maintained at the test pressure and temperature. The colour of water and CW was altered to blue using a blue dye with concentration of 6 gr/lit to distinguish between oil and the aqueous phase. The dyed fluids were filtered using fine filter papers to remove any un-dissolved dye particles. 
2.4.
Experimental results A total of four experiments are reported in this part. In all of the reported tests, the micromodel orientation was horizontal to minimise the gravity effect, but the direction of the oil flood in the presented micromodel images is from top to bottom and direction of water, carbonated water and CO2 floods are from bottom to top.
Test 1: WI Followed by CO2I with S wi at high Pressure (2000 psia)
In the first test, after cleaning and pressurising the water-wet micromodel, it was fully saturated with clear distilled water and subsequently displaced with the blue dyed water. Figure 4 shows a magnified section of the micromodel saturated with 100% blue dyed water. Here, the pores are shown by blue and un-etched glass, i.e. grain, shown in white so the pore geometry of the micromodel can be seen vividly. This section is just about one tenth of the whole micromodel, To simulate the primary drainage of water, the initial migration of oil into the water bearing porous media, the viscous oil was injected from one end of the horizontal micromodel. The injection of the oil was carried out at a rate of 0.1 cm other end of the micromodel. The shape and the direction of oil/water (O/W) interface, in Figure 5 , indicate the water wet condition in the micromodel. After this initial oil injection stage, establishing the initial (connate) water saturation (S wi ), water flooding began. Water was injected into the micromodel at a low rate of 0.01 cm 3 h -1 . Water flooding continued until no further oil production and changes in fluid distribution occurred. The recorded video clip of this flow process shows both film and piston-wise flow mechanisms. Figure 6 shows a magnified image of the same section of the micromodel at the end of the water flooding stage. This Figure, compared to Figure 5 , shows that some oil has been produced whilst some has been bypassed (the red arrow in Figure 6 ) or trapped as small oil ganglion after being snapped-off (the green arrow in Figure 6 ). After water flooding, carbon dioxide which had been pre-equilibrated with water, at 2000 psia and 38 °C, was injected from the same end and at the same injection rate as water. The CO2, at the test conditions was in supercritical condition. Figure 7 shows that at breakthrough, CO2 has channelled through the micromodel due to the high unfavourable viscosity ratio between CO2 and the resident fluids. In this Figure to distinguish the colourless CO2 from the colourless glass and the clear oil phase, the CO2 was digitally coloured in yellow, using an image analysis computer program. The direction and the shape of the interfaces in this three-phase fluid flow test demonstrate water-wet condition. It also shows that oil is the intermediate wetting phase and CO2 is the non-wetting phase. A comparison between Figure 7 and Figure 6 shows that the CO2 flooding has changed the fluid distribution. It also indicates that the injected CO2 has mainly displaced water rather than oil. The likely reason could be the higher viscosity of oil (about 16 cP) compared to water (about 0.68 cP). The other reason could be that the single displacement mechanism of oil by CO2 did not occur in this test as the water layers separating these two phases did not rupture. As will be shown in the third test, when CWI was conducted prior to CO2 injection, water layers ruptured and more oil was displaced than water. Although this snapshot, Figure 7 , was taken immediately after the main CO2 front passed the micromodel but in some parts of this section of the micromodel swelling and coalescence of oil ganglia can be observed as highlighted by the red rectangles in this Figure. CO2 injection continued after the breakthrough. Figure 8 shows fluid distribution after about three hours after the breakthrough during which time almost three pore volumes of CO2 had been injected. By comparing the gas/oil interfaces in Figures 8 and 7 , red circles in Figure 8 , it is noted that the area occupied by CO2 has increased and the volume of the oil ganglia, which were in direct contact with CO2 has shrunk. This reduction of oil volume is either because of film flow of the oil phase out of the micromodel or vaporisation of the oil phase into the CO2 phase. The former mechanism was observed by examining the recorded video clips of this flow process. A comparison of Figures 8 and 7 again demonstrates swelling of those oil ganglia, which were not in direct contact with the CO2 stream. The red rectangle in Figure 8 shows displacement of the water layer as a result of the swelling and connection of the oil phase in direct contact with the CO2 stream. The next magnified image (Figure 9 ) shows the production of this oil by CO2. Figure 9 also shows some unrecovered oil ganglia mainly in the right hand side of the image. This oil was not recovered because water layer separated the oil and CO2, hence, preventing mass transfer from oil into CO2. The chance of producing these fragmented oil ganglia would be increased if the extent of oil swelling was high and/or the thickness of water layer was low enough to allow the water layer rupturing. The indicated area by the red circles in Figure 9 , when they are compared to the same region in Figure 8 , confirms the displacement of the water phase by film flow, which has been displaced as a result of oil swelling. The recorded video clip of this process also confirmed the water film flow. . Figure 10 shows the fluid distribution at the CO2 breakthrough that happened after 0.45 hrs of CO2 injection into the micromodel. There was a delay in the CO2 breakthrough in this test, 0.45 hrs, compared to the previous test with S wi , 0.35 hrs. This could be explained by comparing the fluid distribution in the first test (Figure 7 ) and the second test (Figure 10) . It is noted that in the former, before the CO2 breakthrough it has channelled through a single pore path whilst in the latter, the CO2 stream has occupied a number of pores across the main flow path. CO2 flooding continued after the breakthrough. Figure 11 shows the fluid distribution after 3 hours of gas injection. This image, compared to the Figure 10 , reveals more oil production. By comparing the location of the gas-oil interfaces in Figures 10 and 11 , it can be seen that as the result of continuing CO2 injection after the breakthrough, the area occupied by gas is larger and the volume of the oil ganglia, which has been contacted by the gas has shrunk. These observations reveal that in this test, due to the absence of water the negative impact of water shielding on CO2 diffusion was eliminated, ultimate oil recovery was more than the first test with Swi. 
Test 3: WI followed by CWI followed by CO2I with S wi at high Pressure (2000 psia)
The adverse effect of water shielding on the performance of CO2 injection for oil recovery was shown using the results of the first and the second tests. In this test the benefit of carbonated water injection (CWI), prior to CO2 injection, on oil displacement is shown. The authors have shown in a previous publication (Sohrabi et al. 2008b and 2008c) that CWI can improve oil recovery in both secondary (pre water flood) and tertiary (post water flood) injection modes. Here it is shown that CWI can alleviate the adverse effect of water shielding. This experiment started with micromodel saturated with oil at S wi . Figure 12 shows the fluid distribution at the end of water injection, which was performed at a low rate of 0.01 cm 3 h -1 . During water injection, water layers were seen to thicken progressively leaving oil phase in the middle of pore bodies and finally causing oil snap off at some pore throats. Water injection (WI) was then followed by CWI with the same rate as the preceding WI. Figure 13 shows the distribution of fluids in the porous medium after 16 hours of CWI. th European Symposium on Improved Oil Recovery -Paris, France 27 -29 April 2009
Comparison of Figure 12 and Figure 13 indicates significant oil swelling as a result of the diffusion and partitioning of CO2 from the CW phase into the oil phase. This swelling reconnected some oil ganglia separated by water during the preceding WI period. The coalescence of some trapped oil ganglia is shown by arrows in Figure 13 . In addition to the oil swelling and coalescence during CWI, it appears that some of the fluid properties, such as interfacial tension between water and oil and oil viscosity, have also been favourably modified. This facilitated the oil displacement by the injected CO2 as CO2 has mainly displaced oil rather than displacing water, which was observed in the first experiment. Figure 14A shows the fluid distribution in the whole micromodel after the first water injection in experiment one. Figure 14B shows channelling of the CO2 through the micromodel at CO2 breakthrough due to the adverse effect of low CO2 viscosity compared to the water and oil, A brief look at Figures 14A and 14B reveals that CO2 has bypassed the oil where there was water around the oil phase. In the lower part of the micromodel, bypassing of the oil by CO2 and the displacement of water by CO2 is more obvious. The red rectangle in Figure 14B also highlights some CO2 spots that have been disconnected from the main CO2 stream in the middle of the micromodel. This disconnection of CO2 took place due to the change of the path of flowing CO2 before the breakthrough. Figure 15A shows the swelled residual oil saturation after CWI in the second test. Comparison of Figure 15A and Figure 14A shows a significant difference in oil saturation. Due to the swelling of the oil as a result of CO2 diffusion and dissolution into the oil phase, there is a significantly higher oil saturation in Figure 15A compared to Figure 14A . One could expect higher oil relative permeability during CO2 injection after CWI compared to WI as a result of oil coalescence subsequent to the oil swelling during the preceding CWI period. Fluid distribution after the CO2 breakthrough in the second test is shown in Figure 15B . The position of the CO2 stream in Figure 15B and its comparison with the same position in Figure  15A illustrates that CO2 has flowed through the pores occupied by the oil phase. The most obvious place to make this comparison is the lower triangle in this Figure. The CO2 stream position and distribution after CWI, Figure 15B , is very different from the one observed after WI in the first test, Figure 14B . This change of the CO2 flow path after CWI compared to WI highlights one of the advantages of injecting CW before CO2 flooding. Since, the initial fluid properties and the rate of CO2I during these two tests were the same; the difference in fluid distribution should be related to the modification of the physical properties of the oil and water occurring during CWI period carried out before the CO2I. The lower oil viscosity attained after CWI due to the dissolution of CO2 in the oil phase ( Figure 15A ) compared to the original oil viscosity after the plain water injection ( Figure 14A ), could be one of the main reasons for the observed difference in the fluid flow mechanism. Higher viscosity of CW (Tumasyan, et al. 1969) compared to the viscosity of plain water also supports this line of argument. The other conceivable reason is the change in the interfacial tension between water with dissolved CO2 and oil and the adjourning pressure of the water layer settled between CO2 and oil. The single displacement mechanism of oil by CO2 occurred in the second test as the water layer separating these two phases ruptured at early stages. For instance, although the oil ganglion in the lower (or upper) triangle in this test ( Figure 15B ) was displaced by CO2 injection but the same oil drop in the first test ( Figure 14B ) was bypassed. The recorded video clips during the CO2 injection also confirm different displacement behaviour in these two experiments.
Test 4: WI Followed by CO2I with S wi at Low Pressure (600 psia)
The test was carried out with the main objective of investigating the performance of subcritical CO2 flooding at a low pressure of 600 psia where CO2 is in the gaseous form as opposed to the previous tests in which CO2 was in supercritical conditions. In this test, all the procedure and stages were similar to the first test except the test pressure being 600 psia rather than 2000 psia in the previous experiments. In this test CO2 was also injected as a tertiary recovery method after water injection, at 600 psia and 38 °C and at the same rate as the previous experiments, 0.01 cm 3 h -1 using the same oil. In this test like the first test, due to adverse viscosity ratio, CO2 channelled through the micromodel. Figure 16 shows the CO2 stream in the same selected frame presented in previous tests at the CO2 breakthrough (BT). The required BT time for CO2 in this test, 0.2 hrs, compared to the first test, 0.35 hrs, was shorter. The faster breakthrough was due to a more unfavourable viscosity ratio in the former compared to the latter. That is, Figure 17 shows the fluid distribution after 44.6 hrs of CO2 injection. Comparison of Figure 16 with Figure 17 shows no significant evaporation and swelling of the oil compared to the similar tests carried out at 2000 psia. The high interfacial tension (IFT) of CO2-oil and low solvent power of CO2 at gaseous state is the main reason for the observed lack of change in fluid distribution after the breakthrough of gaseous CO2, i.e., no evaporation and swelling of oil was observed at 600 psia during CO2GI. 
CONCLUSIONS
Based on the discussed experimental results the following conclusions can be drawn:
• The shape of the snapped oil ganglia, highlights that during WI oil was displaced by film flow mechanisms mainly, however piston-like displacement was also observed within the micromodel.
• During CO2I at 2000 psia and 38 °C both swelling and vaporisation of the oil take place.
The water shielded oil ganglia swell as a result of the diffusion of CO2 from CO2 stream, through water layer into the oil phase. However for the oil ganglia directly in contact with the flowing CO2, the predominant mechanism is the shrinkage of the oil as a result of the extraction of oil components by the CO2 and displacement of oil by film flow mechanisms.
• Water layers separating oil and CO2 prevent the production of the oil, but if the swelling of oil is significant enough to rupture the water layer and bring oil in direct contact with CO2 stream then oil can be produced.
• In the absence of the water shielding effect, pore-level sweep efficiency is higher, breakthrough occurs later and ultimate oil recovery would be more than the case with water in the porous medium.
• Pore size distribution, fluid-fluid and fluid-solid interactions can alter the balance of viscous and capillary forces, resulting in different flow paths, fluids distribution and CO2 breakthrough time.
• During CWI, sweep efficiency is improved due to swelling and coalescence of the isolated oil ganglia and the resultant fluid redistribution as a result of the partitioning of CO2 from CW and it diffusion and dissolution in the oil phase. A favourable decrease in oil viscosity should also favour higher oil recovery during the subsequent CO2 injection.
• Performing a CWI before CO2I (Test number 3) results in different fluid flow and displacement mechanisms compared to the case of CO2I after WI (Test number 1). CO2 was observed to preferentially displace the oil phase after CWI whilst it flowed through the pores occupied by the water phase after WI. CWI reduced the adverse effect of water shielding on oil recovery compared to WI. CO2 appeared to be able to rupture CW films
